The response of the phytoplankton community to water level fluctuation in Cross River floodplain lakes in West Africa was studied to identify structuring forces and to compare the response to other tropical regions. Samples were collected monthly from pelagic and littoral zones in the lakes for 18 months ( ) were not significant between these 2 hydrologic periods. Species richness (47-96 species), Shannon-Weiner index (6.6-7.5 bit ind. 
Introduction
Tropical rivers such as the Cross River in Nigeria and Cameroon, West Africa, are often associated with riparian shallow floodplain lakes (Moses 1979, Bovo-Scomparin and . The rivers maintain periodic interactions with the floodplains through annual inundation. Flooding brings about dramatic changes in water quality as influent rivers increase the water level and suspended silt-clay loads of the lakes (Wetzel 2001) . This dynamic creates a remarkable environmental heterogeneity through the complex interactions between surface water, groundwater, and riparian systems (Ward and Tockner 2001) . The main river channels together with their floodplains constitute the river-floodplains systems (Junk et al. 1989) .
Flooding partitions floodplain lakes into 2 significantly different hydrological phases: high water periods (or potamophase) and low water periods (or limnophase) , that together constitute the hydrosedimentological regime (Neiff 1990 ). Flood pulses have been identified as the dominant force shaping the phytoplankton communities of floodplain lakes (Junk et al. 1989) . Available information shows that during periods of high water, these environments are usually characterized by low values of phytoplankton biomass (Reynolds 1997 ) and a high abundance of acquisitive species (Huszar and Reynolds 1997) . Because limnophase and potamophase present differing environmental challenges to phytoplankton, several phytoplankton functional groups may dominate or co-dominate in a given period . These functional groups are often polyphyletic and share adaptive features based on the physiological, morphological, and ecological attributes of the species (Huszar and Reynolds 1997 , Melo and Huszar 2000 , Nabout et al. 2006 , Townsend 2006 , Padisák et al. 2009 ). Application of the phytoplankton functional groups to aquatic systems improves our understanding of species selection dynamics in lakes from different regions (Sarmento et al. 2007, Bovo-Scomparin and . The dominance of unicellular species during potamophase and colonial-filamentous phytoplankton in limnophase is archetypal of tropical floodplain lakes (Wojciechowska et al. 2007 , Mihaljevic et al. 2009 ).
Examination of phytoplankton functional and taxonomic groups could provide insight on phytoplankton ecology (Salmaso and Padisák 2007) , which could be used to confirm the quantitative methods that describe the structure and variation of the phytoplankton community . Several studies have elucidated the response of phytoplankton to water fluctuation in floodplain lakes of tropical rivers in South America (Ibañez 1998 , de Oliveira and Calheiros 2000 , Nabout et al. 2006 , Australia (Townsend 2006 , Butler et al. 2007 ), Asia (Cao et al. 2005) , and Europe (Wojciechowska et al. 2007 , Mihaljevic et al. 2009 ), but little is known about the response of phytoplankton to water level fluctuation in tropical African floodplain lakes. In particular, West African lakes are poorly studied compared to East and South African lakes. The phytoplankton of West African floodplain lakes likely do not follow predicted patterns because these lakes are located in a region with 2 seasons (rainy and dry) and a small annual temperature range (~15 °C), unlike tropical environments in Asia and South America with 4 seasons (winter, spring, summer, and autumn) and annual temperature variations greater than 30 °C. Temperature and light are considered important regulatory factors to phytoplankton growth (Elsaholi et al. 2011, Fonseca and de Mattos Bicudo 2011) . Phytoplankton functional groups in lakes within the Cross River floodplain (Nigeria) probably respond differently to water level fluctuation compared to tropical floodplain lakes in other geographical regions. We hypothesized that (1) vertical fluctuation in water level (depth) and temperature are dominant factors shaping the phytoplankton community; (2) species adapted to turbid and fluvial systems (diatoms and chlorophytes) and colonial species (Cyanobacteria) will dominate Low Water Periods (LWP) and High Water Periods (HWP), respectively; and (3) the dominant functional groups in the lakes will differ between LWP and HWP, and between 2005 (moderate flood) and 2006 (extensive flood) HWP.
Materials and methods

Study area
The Cross River system lies in West Africa, approximately 4-8°N and 3°30′-10°00′E. The river basin covers an area of 70 000 km² with 20 000 km² in Cameroon and 50 000 km² in Nigeria (Moses 1979, Okogwu and ). The main river channel is approximately 600 km in length and the river discharges into the Atlantic Ocean. In its middle course, the river develops an extensive floodplain with several permanent and ephemeral shallow lakes, which include Ehoma (5°49′20.04″N, 7°56′24.41″E; 17.7 m elevation) and Iyieke (5°50′33.49″N, 7°56′40.88″E; 13.7 m elevation). Ehoma and Iyieke are approximately 530 and 50 m from the main river channel, respectively; the former is eastward and about 5 times the size of Iyieke (Fig. 1) . The lakes are not directly connected to any running water and therefore rely on ground water, rainfall, and seasonal inundation to avert permanent desiccation. During potamophase, the lakes usually coalesce with Cross River and lose their individuality, but they regain it during limnophase. These lakes play a significant role in the ecology of the river ecosystem, serving as breeding and nursery sites to many riverine and estuarine fish species. No previous information on the response of phytoplankton to water level fluctuation in these lakes is available.
Sample collection
Water samples were collected monthly from the pelagic and littoral zones in lakes Ehoma and Iyieke from March 2005 to August 2006. Rainfall data were provided by Nigerian Meteorological Services, Calabar Airport, Nigeria. Water depth was read from permanent calibrated poles mounted in the lakes, and transparency was determined using a fortified Secchi disk. Euphotic zone (Zeu) was calculated as 2.7 times the Secchi disk extinction depth (Cole 1983) . The width of the lakes was estimated by running a line from one end of the lake to the other. Temperature, dissolved oxygen (DO), pH, and conductivity were determined in situ using a Hanna digital thermometer, DO meter (model HI 9142), pH meter (model HI 98108), and conductivity meter (model HI 98303), respectively. All equipment was purchased from HANNA Instruments, USA. Biological oxygen demand (BOD), orthophosphate (PO 4 -P) and nitrate (NO 3 -N) were measured according to the American Public Health Association (APHA 1992) . May-October was considered the HWP and November-April as the LWP.
Phytoplankton samples were collected concurrently with environmental data from the different zones, fixed separately in 5% buffered formalin, and identified to species using an Olympus microscope (Model BHTU BH-2). Quantitative assessment of phytoplankton abundance was by counting individual of each species settled in Utermöhl chambers and presented as the number of individuals per litre (ind.L ) was then obtained by multiplication of density of each species by the average volume of its cells (Hillebrand et al. 1999) . Specific biomass was expressed in mg (fresh weight) L −1 , assuming a specific density of phytoplankton cells of 1 g cm −3 (Edler 1979 ). Species contributing ≥5% to total biomass (Padisák et al. 2003) were sorted into functional groups (FGs) defined by Reynolds et al. (2002) and Padisák et al. (2009) . Species richness (SR) was estimated as the number of taxa in a sample, and Shannon-Wiener Index (H 0 = −Σp i *log2 p i ) was used to estimate diversity (Shannon and Weaver 1963) .
The relationships between environmental variables and phytoplankton data and between water level of the lakes and Cross River were studied using Spearman's correlation analysis. Environmental data association with the biomass of phytoplankton FGs was analyzed through canonical correspondence analysis (CCA; Ter Braak 1986). The null hypothesis of "no structure in main matrix and therefore no relationship among matrixes (biotic and abiotic)" was tested through Monte Carlo procedures. Correlation analysis and CCA were performed with SPSS statistical package, version 15 and PC-ORD version 5, respectively.
Results
The highest precipitation values were obtained from May to October, and the hydrosedimentological regime of Cross River followed the rainfall pattern (Fig. 2) . Rainfall was more intense in 2006, and the hydrometric level of Cross River at Ndibe beach reached an unprecedented value (20.8 m), which caused early and more pronounced lake flooding. Peak water levels in Ehoma (5.5 m) and Iyieke (4.2 m) were attained when peak hydrometric level was observed in Cross River (July 2006; Fig. 2 ). The hydrometric levels of Cross River were significantly correlated with the water level in Iyieke (r = 0.75, P < 0.001, n = 18) and Ehoma (r = 0.76, P < 0.001, n = 18).
Environmental variables in the pelagic and littoral zones of the lakes were quite similar within the same hydrologic period (Table 1) . Temperature (25.6-35.6 °C), water level, DO, and conductivity showed significant seasonal variability (P < 0.05); DO was extremely variable (0.5-8.7 mg L −1 ), and hypoxia occurred frequently. The lakes were turbid (transparency, 0.1-2.9 m; euphotic zone, 0.27-3.24 m), acidic (pH, 5.6-6.9), and of low mineral concentration (conductivity, 11-45 µS cm ) was the only parameter that significantly varied between lakes as well as hydrologic periods.
Phytoplankton composition
Phytoplankton in lakes Iyieke and Ehoma was represented by 103 taxa in 6 Divisions (Chlorophyta, Euglenophyta, Bacillariophyta, Dinophyta, Chrysophyta, and Cyanobacteria) and 29 families, especially Naviculaceae (15 species), Desmidiaceae (12 species), and Oscillatoriaceae (10 species). The 2 lakes had 92 species in common, and species composition was more similar during HWP than LWP. High values of phytoplankton abundance were observed during LWP, mainly in January 2006 (5.6 × 10 6 ind.L were recorded for Ehoma and Iyieke, respectively ( Fig. 3c  and d) . Total biomass correlated significantly with NO 3 -N (r = −0.59, P < 0.05), pH (r = −0.54, P < 0.05), and DO (r = −0.49, P < 0.05) in Iyieke, and with lake width (r = 0.58, P < 0.05) and temperature (r = 0.54, P < 0.05) in Ehoma.
Changes in the biomass and density of the dominant phytoplankton phylogenic groups were not statistically significant between LWP and HWP in Iyieke; however, biomass and density of Bacillariophyta and Chlorophyta significantly declined during HWP compared to LWP in the littoral and pelagic zones of Ehoma (P < 0.001; Fig 4) . During LWP, Chlorophyta and Bacillariophyta were dominant; Ankistrodemus falcatus, Cosmerium margaritatum and Navicula petersenii were dominant in Iyieke, while Diatoma sp, Tabullaria fenestrata, and N. ovalis predominated in Ehoma. Planktothrix rubenscens, Oscillatoria sp., Phormidiun ambiguum, and Microcystis flos-aquae were predominant in both lakes during 2005 potamophase.
Fig. 2.
Variations in rainfall (bar) and water level in Ehoma Lake (filled circles), Iyieke Lake (empty circles), and Cross River (filled triangles). Water level of Cross River was determined at Ndibe beach in close proximity to the lakes. Pointed arrows depict time of inundation of the lakes by Cross River. 
Phytoplankton functional groups (FGs)
The recorded taxa were sorted into 14 FGs (Table 2) ; however, Spirogyra spp., Zygnema spp., and some oscillatoriacales (tychoplankton) were excluded from functional grouping. The dominant and co-dominant groups in the 2 lakes and years were D, X1, M, MP, Na, P, and S1, and each showed seasonal dynamics ( (Fig. 5) . Ordination performed on physico-chemical variables and phytoplankton FGs (Fig. 6) showed that the first 2 CCA axes explained 41.3% of variation in phytoplankton FGs. The FG-environment correlations were significant for axis 1 (r = 0.83, P < 0.001) and axis 2 (r = 0.64, P < 0.001). Most of the variance in axis 1 is described by temperature (r 1cca = 0.60), lake width (r 1cca = 0.50), NO 3 -N (r 1cca = 0.50), DO (r 1cca = 0.42), and PO 4 -P (r 1cca = 0.40). In the second axis, most of the variance is explained by water level (r 2cca = −0.74) and transparency (r 2cca = 0.62). The first axis reflected both seasonality and eutrophication processes, while the second axis was solely seasonal factors because LWP and HWP data were clearly separated on the second axis; however, 2005 HWP was not separated from 2006 HWP.
Discussion
The positively significant correlation between the hydrologic level of Cross River and lakes Iyieke and Ehoma clearly indicates fluvial and pluvial influence on the lakes. The relatively low electrolyte concentration of the lakes is similar to most fresh water bodies of Nigeria, attributed to the low solubility of the underlying old Basement Complex crystalline rocks or sandstones (Ziller and Economou-Amilli 1998) . Previous reports (Akpan and Offem 1993, Okogwu and on Cross River also revealed that a poor electrolyte profile, torrential rains, and influent riverine water resulted in further dilution of the lakes salt content during HWP. Nutrients were quite stable between hydrologic periods, thus suggesting that resuspension from the benthos and deposition from riparian environment compensated for loses due to dilution. However, increased oxygen demand during limnophase is a strong indication of organic degradation (Mihaljevic et al. 2009 ).
Increased phytoplankton biomass during 2005 HWP is similar to observations by Schemel et al. (2004) but contrary to general reports of higher biomass during LWP (Ibañez 1998 , de Oliveira and Calheiros 2000 , Zalocar de Domitrovic 2003 , Nabout et al. 2006 , Wojciechowska et al. 2007 , Bovo-Scomparin and Train 2008 , Devercelli 2010 . The moderate flood of 2005 seemed to stimulate phytoplankton growth, while the more extensive 2006 flood significantly decreased phytoplankton biomass. Some authors (Hein et al. 1999 , Tockner et al. 1999 , Roozen et al. 2003 consider flood a disturbance factor that retards phytoplankton growth in floodplain lakes, while others such as Paidere et al. (2007) have shown that floods can stimulate phytoplankton development. However, more recent reports (Mihaljevic et al. 2009) show that floods can stimulate as well as retard phytoplankton growth depending on the degree of flooding. During moderate flooding, nutrient input from riparian systems, resuspension and homogenization of bottomsettled nutrients, and entrainment of algae in euphotic zone is achieved (Ward and Tockner 2001) , conditions that tend to promote phytoplankton development, as observed in 2005. In contrast, extensive flooding promotes water column instability due to increased water discharge and reduced water retention time. Consequently, species loss (through wash-out) is accelerated (Wojciechowska et al. 2007) , and the plankton community is sustained by a few organisms (mostly small-sized unicellular algae) with the adaptive competence to exploit such extreme environmental conditions (Devercelli 2010 ), as in 2006. As a result, phytoplankton biomass attenuates, and therefore Response of phytoplankton functional groups to fluctuating water level Inland Waters (2012) 2, pp. 37-46 Table 3 . Dominant and co-dominant functional groups in the floodplain lakes of Cross River and the time of peak occurrence in the 2 lakes.
Dominant and co-dominant functional groups
Habitat flood could be regarded as a disturbance factor (Reynolds et al. 1993) . The phytoplankton dominance patterns in the 2 lakes were uncharacteristic of tropical floodplain lakes. Filamentous and colonial species belonging to S1 and M functional groups were dominant during 2005 potamophase and when temperature was also low, which contradicts reports from other regions where unicellular species dominate during HWP (Schemel et al. 2004 , Wojciechowska et al. 2007 , Bovo-Scomparin and Train 2008 . The established dominant species, Microcystis flos-aquae (M), Phormidium ambiguum (S1), and Planktothrix rubenscens (S1), are known to preferentially thrive during limnophase in floodplain lakes (Borics et al. 2000 , Rojo and Álvarez-Cobelas 2003 , Stoyneva 2003 .
This seemingly unconventional succession pattern was attributed to several reasons. First, numerous ephemeral ponds and small lakes within the Cross River floodplain either dry up or are reduced to small "Cyanobacteria soup plates" during LWP. These ponds and lakes are usually flooded by the inundating Cross River and then united with Ehoma and Iyieke during potamophase. Cyanobacteria were likely transported from these ponds to the studied lakes by the fluvial system. Inundating rivers are known to serve as species carriers during flood periods (Aoyagui and Bonecker 2004) . Second, concurrently collected zooplankton samples ) had high biomasses of microcrustaceans during HWP. Zooplankton grazing on unicellular diatoms and chlorophytes could have weakened their competitive advantage and provided an opportunity for the entrained S1 and M species to proliferate. Declines in diatom and chlorophytes biomasses during HWP support the latter assertion, and previous studies showed that filamentous and colonial algae benefit from zooplankton grazing on small algae (Repka 1996 , Ka et al. 2011 , Moss et al. 2011 . Third, the temperature recorded during HWP (25 °C), although lower than LWP values, was actually within the range reported for floodplains lakes in other regions in summer when Cyanobacteria dominate (Mihaljevic et al. 2009 ) and could have, in synergy with low light intensity and high phosphate, provided a conducive condition for functional groups S1 and M to proliferate. Although we did not measure water velocity, the hydrologic condition was relatively stable in 2005 HWP and may have helped facilitate Cyanobacteria growth. Response of phytoplankton functional groups to fluctuating water level Inland Waters (2012) 2, pp. 37-46
The dominance of Na, MP, and D coda during the 2006 potamophase was similar to other geographical regions (Rojo and Álvarez-Cobelas 2003) . These FGs, especially diatoms, contributed more to biomass during 2006 HWP by virtue of being adapted to high current flow and low light availability (Reynolds 1997) and also due to inoculum addition from the fluvial system (Borges et al. 2008) . Low phytoplankton biomass and species richness during 2006 HWP was attributed to species wash-out and water column instability (Bovo-Scomparin and Train 2008) , suggesting that the phytoplankton of Cross River floodplain lakes may or may not follow putative dominance pattern, depending on the intensity and duration of flooding. Soon after the lakes regained their hydrologic identity after the 2005 flood, however, MPNa-D dominance was restored, which was attributed to the resilience of the lakes.
This study unambiguously demonstrated that vertical (depth) and horizontal (width) fluctuations in water level (due to flood) and temperature were the major environmental forces structuring the phytoplankton community of Ehoma and Iyieke lakes. It also showed that depending on the magnitude of flood, the dominant FGs and succession pattern could differ from other tropical regions. Therefore, additional studies are needed on West African floodplain lakes to improve knowledge on phytoplankton ecology.
